DUDLEY KNOX UBRAftt 
NAVAL POSTGRADUATE SCHOOL 
MOU7F** "*■ ^3943-5101 



Library 

U. s. I T cval Postgraduate School 
Annapolis- Md. 






~g r«.Ci JU. t U'X* 1-^ iiv.'V 

^uii.Aft TO ILf.ow^^ 1 X;> li T,iS SPt.«.LArt¥ AY.,.- U «» 

¥,*Z piAl I?. 



JuUui ?. Aoetacb 
Captoiu, tf. Marino Corpa 



Aoportaenl of Aeronaut icai lag inter lag 
University of Minnesota 
Minneapolis, M inns to to 



A ineaia Uubaittea to the Faculty of the 
traouate wCfcooi in Partial Fulfillment of the 
aequireaente for the Lmf, roo of Matter 
of t-cience 



August, IMS 



nv 

^OfcTSCH, -A. 



lABiJJ OJf 



pa*e 



UilaOi/UClIo* 1 

EEiaOuS - llUOttY . 5 

S^BiaiEW 15 

TStT PKOCSi/JoS 16 

TM Mi 18 

CCSCUfclOib ASD *FC«M. BWMICii* £5 

fcEFJOtESCIb BZBUOGtU?ilT £9 



Ubf Of TABuSB 

TABIS 1 Effect of Ionization upon la minor 

Boundary lAyar Fro f ilea of a Flat Plata... 50 

TABiS II Effect of Ionization upon Turbulent 

BDundary layer Prof ilea of a Flat Plate. .. 52 

T*BmE HI Effect of apeed upon Ionization of the 

Turbulent Boundary layer of e Flat Plate 
at x • U in 54 











i . • . • - • • • * ...... 

..***mm 

41 



i»Ut« 



II . . . . ....... ....... .{* 



« -ft* 



MM Mp u mitt 1 tt-iuar 

trf r+- 1 • t! ft*<‘ " •«' * i**''* # 

minuT «r • u im)Ii c i'«4» 

.* ...ii :• i* *J % • *-nift^f %4 •* n ft4-.rw* 

j|/ {a p|| IMJmI w»p i to Nllll |C ' lo’ 

hS Ion . U #u*J***f 

K ... *; - * * *' 



• * til 



m2 



Tne purpose of this research vat to Investigate 
the effect upon tne boundary layer over a flat plat# due 
to Ionization of the alrstresm in tha rap Ion near the 
leading edge of tha flat plate* The free airstreama of 
the testa vara of loa velocities and thus loco rpreaalbie. 
the results Indicated that ionisation of tha above portion 
of the boundary layer caused two distinct improvements 
over the boundary layer without ionisation occurring. 

Vbe iiaprovementa were present for both laminar and 
turbulent boundary layers* and they sere a decrease in the 
boundary layer thickness ana an increase In the boundary 
layer velocity profile* Although the latter effects sera 
present only in the ionised part of the airatrosr’i, they 
sere transferred to the downstream portions of the boundary 
layer wherein the sir was no longer lonizec* Therefore, 
the transition region from laminar to turbulent flow in 
the bouaaary layer over a flat plate without Ionisation 
sas 'noved downstream when ionisetlon was present in the 
slrstroaa passing ever the upstream part of the fist piste* 
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In# purpoee of thia research aaa to ex&^lne tha 
•ffocta upon th« boundary layer of an incompressible atr- 
atroan moving over a flat plate when a portion of the 
alratream in the region of the plate 1 a leading edge was 
ionised* The effect# which aere noted aere the changes 
in bounce ry layer thlcicnoasaa and velocity profiles a 1th 
and without ionisation occurring* 

Other experiments ahereln ionisation aaa 
utilized aa a maana of be under? layer control. Kef* 1 end 
&ef . St, Indicated that ionisation of the airstrea® In ana 
adjacent to the boundary layar brought about decreases 
in the boundary layer thlclcneaaee and increases in the 
velocity prof ilea compared to thoae without ionisation 
of the air* both of the above references treated bouncary 
layara which wore subject to praacure gradients* This 
research considered the simpler case where no pressure 
gradient aaa present, 1. e* an a trstraa® moving over e 
flat plate* Fuxthermore, the previous references did not 
thoroughly investigate the nature of the boundary layer 
profiles especially laminar and turbulent boundary layer 
profiles with end without the air being ionised. In tbit 
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•ore do in ua1u»i aua turbulent boundary Lajera «er« 
examined. 

The teal data obtained aaa /or io« airspeeds, 

40 f t./sec. to Sfc lt./at?c., with ionisation of the air 
oaloa the isexlsma attainable value*. The airfloa over 
the fiat plato aaa considered tao~diraensional and in- 
compressible. 

the experiments acre conducted in the four 
feet by four feet wind tunnel located ia the Oak street 
Experimental xM bora tor lea Build Inf of the University of 
Minnesota. this tunnel had an open throat teat section. 

Professor John *). Eaenaaa, under shoae guidance 
these experiments sere conducted* gave the author the 
privilege of using the facilities at the University of 
Minnesota to carry out these exper iswnt s* He also gave 
many helpful auggeationa for improvement of the teat 
proceciurea end e<*ulpaujat. Mr. Frank £>. earner aided 
imenseiy in the design of the electrical equl'v.ent and 
in the theoretical phases of gaseous ooncuction. 

Profeesor Keenan a. nail aaalated the author In pro&ieva 
which arose concerning the boundary- layer theory. Tne 
author ia very grateful for the cooperation ao generous iy 
given by the above men and othera of the ataff of the 
University of Minnesota. 
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To substantiate the phenomenon due to ionisation 
o t the boundary layer o t an airatream, ar latino experiaent- 
ai and theoretical knowledge wa* employee aa a basis* 

Alao to tceep the diacuaaion on a plane elth both the 
aea aura ble quantities of the teata contained herein and 
uaa'ole engineering tern*, the rosulta of ionisation of e 
gas sere given in macroscopic coordinate* such aa temp- 
erature, pressure, velocity, density and viscosity* 

Thai the problem of what changes took place In the 
boundary layer of a gaa such as air whan It was ionised, 
aaa attacked from the following two pointw of viaw:- 
lonixation of a gaa brought about aa alteration in the 
zero slip velocity condition of the gac at the solid 
boundary or curfaca of tha flat plate; and the vlacoaity 
of the gaa waa changed due to Ionization* Tha above 
approach to the problem waa log leal since the reaiatance 
of e viscid fluia to a change in shape he* been expressed 
a a tha shsar stress:- 

r- p 6u 
fc y 

ahara:- p * Coefficient of viscosity 

u * Velocity of the layer of the fluid parallel 
to the surface of the boundary or flat 
plate wboae coordinate was x* 

y = distance from the surface of the boundary 
to the point where u existed* 
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Jtxperiaenta b ave shewn that the at ear atreca ef facta on 
the t lew pattarna of fluids vara proalnent only in a 
thin layar of tha fluid adjacent to the boundary ovar 
ahloh tha fluid aaa I loving* Ihia thin layar haa bean 
dubbed tha boundary layar. Tbaref era , any variation 
in tha viscosity, /< , or tha valua of & w/0 y particularly 
at tha aolld boundary Mould affect tho nature of the 
boundary layar of the fluid. Shia aaa asade clearer by 
tha foliosing raviav of existing facta concerning the 
nature of the boundary layar of a fluid flowing ovar a 
aolld boundary foraed by a flat plate- 

The equations which rtprewented the laainar flow 
part of an incompressible fluid's boundary layar aa prevan 
In haf. Z and Kel . 4 sera (for a flat plate with aero 
pressure gradient or ti p/d x * 0 J j- 
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wherej- u, x and y ware a a given above. 

y * Coefficient of viscosity as above • Constant 

k * *1 her'ta L conductivity of fluid * Constant 

ij * l>enaity of fluid = Constant (incoaapreasible ) 

Cp * wpeciflc heat *,f fluid at constant nreaaure 
= Constant 

T * Absolute teaporature of the fluid at y. 
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f tie previous equations ssrs based on tho fio* bovine boon 
tid<*0 lmens loos 1 • Furthermore , 11 tho Prmotl number, 

P r • ji Cp/k, equaled one, then equation (5) could be 
discarded since it ses represented by equation (2). In 
the case of the fluid in question, air, the value of 
Pj* 4 0*76 ess not too far removed from one to ma*e the 
previous statement unreasonable* Therefore, equation (2 } 
baa been dropped by many Investigators and only aquations 
(1 j and (2) have bean used to obtain equations expressing 
the flow In the boundary layer over a flat plate* Their 
results have been given in the next paragraph. 

by comparison between formulae and experimental 
data, axprasaions have been developed which predict fairly 
accurately the variation of the velocity in the boundary 
layer, i*e* a, with reapeet to the distance downstream 
slang the plate, x, and the distance perpendicular to 
the plate, y* One such equation for laminar flow in the 
boundary layer based upon von karetsn's momentum equation 
naa bean developed in Hef • 5, page 158, equation 142, eat- 

| * a (\ - 4 vf (4) 

witba- U * Free stream velocity* 

\ * > /S 

$ • Thickness of the laminar boundary layer. 

The value of o also was approxlo* tely given by (see Kef. S, 

page 90, equation {14.1£)t- 
6 • 5.2 
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Accords to «ef • 5, page t tit, the value of 6.2 <j above wee 
replaced by b.83, efcich discrepancy was due to the deduct- 
ion of the point of tengeccy whereat the value of w very 



nearly equaled the value of U. 

Using equations similar to (l) and (£) and (Z) 
and experimental findings, similar relationships for tur- 
bulent boundary layers have been given, fief . 4 and fief. 5 



Tne criterion determining ehleh of the above sets of 
equations apply to the boundary layer of a flat plate, 
has ceen the nature of the aain or free alratreea above 
and ahead of the flat plate. If the elratream eta laminar, 
the boundary layer started out at the lead inf edge of the 
plate •• laaiaer in nature end refrained aa auch up to a 
oietanco downstream along the plate axis whereat a trans- 
ition region occurred. The position, character and length 
of that transition region hae not aa yet been fully 
evaluated. The boundary layer downstream of the transition 
region haa been found to be turbulent In character. A 
turbulent boundary layer haa bean found to exist over the 
entire length of the plate if the free airatreaa impinging 
on the plate waa turbulent. 
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Equations (4), (5i, (6) sad (7) sere derived using 
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tne coodltica proposed by duiuat ana by toaes:- 

y(rel) s o 

(tangential) 

where V * velocity la the boundary layer at tha surface of 
the flat plata, i.a. u • 0 at y • 0 lor every x along tha 
plata'a aurfaco. The a oo va fact ha a been ahowa by counties* 
experiments to ba true except lor rarefied gates and certain 
organic liquids ahoae molecules are eery large* Therefore, 
tha pa rtlclet of a fluid In Immediate contact with the solid 
boundary adders to It, so to speak, without a lipping or In 
othar aorca, there la a aero slip velocity boundary con- 
dition at the aurfaoe of the Hat plata* This In turn 
Implied that $ u/b y at y • 0 waa Unite, 

(b u/b 7)j m q * 

Any reduction In the value of (b u/B y) y m ^ 

would result in e decrease in the sneer stress. To roduoa 
<* */* 3), .gun «lu« or *{Uy, nttal ) would have to be 

made finite, and the limit would be reached whan 

y ( roi ^ s U at tha aurfaoe of tha plata thereby 

(tangential) 

eliminating the boundary layer completely. One possible 

method of m*«£la£ V finite waa to charge the 

(tangential) 

particles of the fluid and then impose a like charge upon 
the particlea of the surface of th« fiat plate. To charge 
air a corona dlacnsrge could be usee thereby creating 
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uega tive electrons and both positive end negative haevy 
Iona. Tha aresda of the electrons have been found to e 
hundreds of tines more then those lor either the negative 
er positive heavy Ions. Also for air the results of ex- 
periments have ahoan that there vea a preponderance of 
positive Iona aver negative lone formed In the corona 
discharge region. Therefore, the only possible charge 
retained in an atrstream any distance downstream of the 
corona discharge region eouid be the predominant poaltlva 
charge dua to tha heavy positive Ions. Fig* 1 schematic- 
ally depleted the conditions for uncharged air containing 
neutral molecules and chargad air with positive Iona 
moving along the surface of the boundary or flat plate* 

In Fig* l the particles of the air street ware 
shown as minute solid elastic spheres many times smaller 
than tha cavltiea fo rated by the crystal structure of the 
surface of the flat metal plate* This ess In keeping with 
the kinetic theory of esses which considers the gaa ea 
wade up of hard* elastic spheres all of an equivalent 
croaa-ecctlon end moving at random with a velocity, v, 
which was resolvable along three orthogonal axis. Since 
all of the alr*a particles were moving in any direction 
at random until they collided with another particle to 
have their path and initial velocity altered, the only 
partlciee laaediately adjacent to the surface of the 
boundary were those with their velocities, v, directed 
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toward taw boundary. Upstream of tha flat plate, those 
particles along alta tha remainder In tha alratreeei had 
an additional velocity, U , equal to that of the free 
airstreaa in audition to their velooitloe, a. Thus tha 
velocity 0 waa evident aa kinetic energy imparted to 
tha air man while tha velocltlea of the particles, v'a, 
went into giving the air mast it* static pressure. 

For the ceee of the uncharged air made up of 
neutral aolecules, Fig* la, the aolecules at the surface 
of tha boundary moved initially Into the boundary with 
velocity v and parallel to the boundary with velocity U. 
Once the molecules entered tha cavities or troughs of the 
boundary they rebounded from the elastic collisions with 
a net lose of the velocity a, i.«. 0*0. They in turn 
upon colliding with the nearest aolecules of the slrstresa 
changed the resultant velocltlea v and mainly the forward 
velocity. The forwerd velocity after collision was u<U 
whore a equaled the velocity of the boundary layer. 

If the alratream contained positive lone and the 
aurfsce of tne boundary via positively charged, the con- 
ditions were then equivalent to those shown In Fig. I t>. 
The positive electrostatic force field of the surface of 
the boundary, if of sufficient magnitude, caused the 
positive ion of the force field to be repelled by tne con- 
centrated field of the particles at the create of the 
boundary surface* Therefore, the lone did not enter the 
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cavities anti aid not looaa all or part of their forward 
velocity, U. 

The conditions stipulated in the preceding 

paragraph would result possibly in asking V (r*l) * jj 

(tangential 

at the surface of the flat plate and thereby eliinate the 
boundary layer provided all of the pertlclea of the 
airstreaa were charged, i.e. positive heavy ions. 

According to page 147 of Kef. 7, the possibilities of 
Ionising ell of the particles of a get, aapeclally at or 
near atmospheric pressure, sere very unlikely. Thus the 
airstreaa In this research work, at alaost atmospheric 
pressure, contained both neutral aoleculea and positive 
lone. The positive Iona did perhaps have some effect on 
altering the ell? conditions at the surface of the flat 
plate in the region of the corona discharge. However, cue 
to the high nobility of positive Ions they deionise by 
diffusion very rapidly la sir at or near atmospheric 
pressure, see Kef. & page 102. lo deionise themselves, 
the positive ions have to pick up electrons from either the 
gsa or the walla of the confining vessel. Bence, the 
positive ions when (saved in the airstreaa only a short 
distance do waitress* of the region of the corona discharge, 
rapidly converted to neutral aoleculea by colliding with 
the oakelite aides of tne box and capturing electrons 
therefrom. 

Ionisation of the airstreaa ** s also influential 
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in reducing tne viscosity ol the alratreaa containing 
positive Iona. Tni# see ttioan by considering the viscosity 
to be given by butherland *s formula, see Kef. 7, pope 154 t- 



(S) 
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. • t* 

^ 1 i iC/4 ) 

wnere:- a * Constant dependent en the gas. 

C * * 4 X iC'j \ 
si' v* 

f(e) * Force-field batseen the particles upon 
colliding. 

<fQ, an attractive force field shore In the 
collision cross section oss increased. 

>0* a repulsive force field where in the 
collision cross section ass decreased. 

v « Velocity of the gee pert Idea 

» • &ass of the gee particles. 

although the above equation has been supplanted by others, 

the values of viscosity given by it have been found to 

agree elosely with experimental values for gases at/or 

near atmospheric pressures. 

Assume that the alrstresa has been ionized with 

the value of the temperature of the ionized air e^uol to 

that for the un- ionized air, i.e. f « constant. This left 

the variable C, equation (9), to be examined. n»c it been 

possible to Lonlze ail of the particles of air as positive 

Ions, f (C0>G, a repulsive force field existing, the 

viscosity would have been increased. Yet, the possibility 

of thereby having G<V (r«l) s y at the wall might 

(tangential ) 



•II 











#J «• # Ilk ^lli II *'* 1% %• «“•» 

tHI W«T • * -v»J .*!• wl«i^ ^ •«* ^ 

^•r . 1 < k •■ 1i K« ^ 

• *l .pl/IU* •*»H •««'!•*• • 

| • (• |ni*a# |4*t»r U 



N/IID 






have been o f sulllcient consequence to have caused * not 
reduction of the boundary layer In thickness and an in- 
crease In tv e velocity pro! Ilea. Eo&evor, experlaonta 
nave definitely shown that* a a mentioned previously* it 
eas impossible to completely ionise every particle of the 
air under the corona discharge. Furthermore experimental 
result a have definitely proven* itef • 3, that In a gss con- 
alatlng of ioua and neutral molecules* there eas e strong 
attractive force between the lone end the neutral -olecuiee. 
In feet neutral molecules cluttered around a positive Ion 
to Increase the collision cross section and decrease the 
mean free path of the particles of ti*o Ionised air. This 
in turn according to tha kinetic theory* reduced the value 
of the viscosity. Sutherland 'a formula derived on the 
principles of tha kinetic theory of geaes clearly showed 
that fact, menus* the ionised eir in the corona discharge 
region had e lover viscosity the a that for the un- ionised 
air provided the temperatures aero the same. Equations 
(5)* (o>, and (7) indicated that the reduction of 
the viscosity in turn losertd the thickness of the boundary 
layer for ionised sir in comparison to un-lonisod air. 

To summarize* the affeote of ionising an a iretreem 
soulci be twofold:- a decrease in the viscosity and an 
increase of tha slip velocity at the surface of the 
boundary from zero to some finite value over that for un- 
ionised air. ire ionised alratreatu aould be present only 
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in ana a very short distance downstream of the ref Ion of 
corona discharge, b or • furtner discussion of the 
possible factors involved in ionisation of moving fluids, 
ass iief . 9* 



l^UIPtUfST 

Tbs aind tunnel in which the experiment was con- 
ducted had an open throat test section, the croaa-soct tonal 
area of the teat section alratrsas was four feet by four 
feet. The airspeed in the test section could be varied 
from £6 ft. /sec. to about 100 ft. /sac. A view of the equip- 
ment mounted in the teat aection of the tunnel ia shown in 
Fig. 2 and Fig. 3. The speed controls end manometers for 
registering the tunnel sir-preseuree le pictured in Fig. 4. 

The as oo meter on the left of Fig. 4 was connected 
to the static pressure tap vented in four plaoes around 
the tunnel aection upstream of tba teat aection. Thla 
nanometer had a alant of IS® , and the spaed of the airsires* 
was checked by means of it. 

The slent manometer to the right of Fig. 4 uaa 
of the hdeenmulier type pictured in «ef . 10, page £3o. 

Fig. 199. This manometer ass used to measure the difference 
between the static and impact proas urea present in the 
boundary la^er of the flat-plate of the monel. The two 
openings of the Manometer were connected - one to the 
impact tube and the other to the ststlc pressure tap of tie 
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aodel ahean la FI#. 5a sod Flo 5o. 

Both of the eoove a*no«eter» coats inea math; l- 
s Icoaol •• the >easuring liquid* 

The models Fig. &■ sad Fig. 5b, esc essentially 
a box with the upper surface acting aa the flat plate teat 
surface* All of the aides of the box and the dolly sere 
.as tie Iron ilnen-bakolite* There sere two flat plates «bleh 
sere Interchangeable by ncene of the screes, cne eas of 
braea and the other sea of linan-bekelite. Both teat 
surfaces sere eery smooth. The Impact tube consisted of a 
glass-tube originally l/8-lncb in diameter and drawn does 
te about 0.044 In. outside-diameter at the end measuring 
the impact preseurea In the boundary layer. T'e vertical 
position of the mouth of the impact tube could be varied 
and .measured by means of the graduated pulley which act- 
uated the micrometer head, 0.0*5 iu./revolutlon. The trana- 
istory portion of the micrometer motion was transferred to 
the glass impact tube via the J>a hapoa swivel connection. 

The dolly could be moved In the trsok to points tip end 
downstream along the plate axis, a set screw fixing it in 
position. 

Four needle points mounted on 1/8- in. diameter 
screw jac*£# extended from the brass plate Into the region 
of the air stream at the plate's leading edge* Ionization 
occurred between the needle points and the braes plate. 

Previous attempts at lonlrlng the moving body of 
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air «ere meue by aesm of the uetwor* of crossed wires 
shown In fig* 2. The wires were of piano-wire of 0.003- 
Inch diameter each spaced l/S-inch apart, those running 
horizontally being separatee by about S/4-inch from those 
In the vertical direction* The horizontal bank of wires 
covered a vertical distance of 8-iachea, the vertical bank - 
a distance of 4-inches, which 'leant that ths net aree 
where they crossed was 4 by 8 inches* The four nylon lines, 
tso crossing each of the banks of wire, were used to pull 
the outer wires of each bank away from each other. Thla 
helped cut down the concentration of ionization along the 
edges of the rectangular area share the sires crossed and 
cause it to be distributed more evenly over the Interior. 

Ionisation was effected by a half-wave rectified 
15,000 volt - 60 in ill lamp AC power supply. The nigh 
voltage leads were easily connected to either each of the 
banka of wires mentioned above or to the flat plate test 
surface and the terminal to the plate holding the needle 
points. The output voltage of the poser supply could be 
varied by the 0-150 volt and 5 a»p varlac In the input 
aide, see Pig, 6a and Fig 6b for cats ila of the electrical 
circuit* 

A large copper wire mesh screen was placed be- 
tween the teat section opening and the working area out- 
alce of teat section, see Fig, 5, This screen was intended 
as a safety feature and was grounded. 
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T.~g PnooiLi»uv- 

InitLal teats wart made with the wire acreen of 
fig. S la position and connected to the high voltage 
power supply ao that Ionisation vea occurring betaaan tha 
crossed piano sires. Pitot surveys sera taken In the 
boundary layer at various points along tha flatplate axis 
alth and without tha Ionisation occurring In tha rectangular 
area of tha screen* So appreciable effect aea noted on 
the boundary layer velocity profile due to lonlsetlon. 

This fact coupled alth the evidence that tha ionisation 
occurring between the wires wwa rather low and concentrated 
at points within the area rather then being distributed 
over the area, led to t^e elimination of this method of 
ionising the airatreem la favor of the needle points end 
plate* for tha ionisation between the crossed sires both 
the braes flat plate teat surfeee and the linen bakellte 
plate acre tried. Also a high positive voltage of stout 
1,500 volts aaa placed on the brace plate* Mono of the 
above setups yielded any results, the intensity of the 
ionisation ms determined by looking at the bluish glow 
between tho wires in a darkened room. Closer apeclng of 
the wires Increased the amount of ionisation but also 
brought some of the wires close enough so that arc-over a 
occurred which ruptured the wires and was the reason for 
some wires being miss lag from the vertical bank of Fig. 2. 
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All tn* runs for shich the test cete waa obtained 
snd Induced lo this report, were eede with the ionisation 
occurring betaeen the four needle points and the brass 
plate* Each of the runt consisted of the following pro- 
cedure. Prior to starting the tunnel, the atmospheric 
preaeure waa ate* sured on a mercury ba roaster and waa 
corrected for temperature. The tunnel saa atarted and 
maintained at speed by holding the alcohol at a fixed 
level In the slant manometer to tha left on Fig. 4. The 
alcroaeter had bean adjusted prior to starting so that the 
glass impact tube head saa on the surfsoe of the fist 
plate,- the dolly having bean set at the desired point 
along the axis. In every run the impact tuba was moved 
away from the surface of the flat plate thereby eliminating 
any differencea In vertical dlatancea due to play In tha 
mechanism had tha reverse direction been used. The Impact 
tube saa set at successively Lncreselng distances swsy 
from the plate by reading* on the graduated pulley act- 
uated by a string leading outside of the tunnel. At those 
dlatancea the value of the pressure registered by the 
slant manometer shown to the right on Fig. 4 was recorded 
first for sero-voltage between the needle points and the 
flat plate and then for approximately 15,000 volts across 
the above* The run ass terminated when tne manometer gave 
successive readings that were constant thereby showing that 
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the free a Ira tree a had baeo reached* For each dlstanca 
away from the plate and eaoh corresponding pair of pressure 
readings the set and dry bulb temperatures of the tunnel 
air sere recorded a lent with the temperature of the alcohol 
in the nanoaetera. The set and dry bulb temperatures were 
used to correct the air density of the tunnel elr in 
accordance with the method given in Haf* 1. 

A run wea made to determine the ear let ion of the 
static pressure gradient along the plate by connecting 
tubes to the tee static pressure taps on the fist plate, 
see Fig* 5, end leading them to the slant manometer. The 
pressure gradient ass aero* 

An attempt ess made to detect whether any ionised 
sir had reached the exit portion of the uodel by piecing 
a round copper wire screen normal to the airflow downstream 
of the exit. The edges of the screen had been rounded to 
eliminate any ground effect beteeen it and the brass plate. 
The screen wee connected to ground through e galvanometer 
whose sensitivity was about 0*06 mloroamps per millimeter 
scale deflection. Xo reading was obtainable* 

1 iiA TA 

The experimental results iac. lasted that the bound- 
ary layer sea decreased for both laminar end turbulent 
flow in tho layers, see Fig* 7 and Table 1 end Table II. 

At explained above if the free atrea-n saa laminar, the 
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beunuary layer aouus event jaily ohanj e from laminar through 
a transition region to turbulent flow* According to the 
brief resume of the problem u mentioned In lief. 5, page 
5&S, the exact characteristics of that transition regime 
nave not been clearly eatabllehed. .ioaever, if the pressure 
gradient over the flat plate aaa zero, the free stream 
velocity remained constant and yet by some means the 
boundary layer aaa dacreaaed, than it can ba stated s' 
posteriori that the transition region moved downstream and 
the oscillating point share transition started did likewise. 
Thus if Ionization decreases both the laminar and turbulent 
boundary layers than It should move the transition point 
from laminar to turbulent floa in the layer, downstream of 
the one for no ionization* This aaa the beat approach 
considering the complexities of the problem of staking 
measurements of the transition region* 

Originally the plans aero to ta ice successive 
surveys of the velocity profiles of the boundary layer at 
points parallel to the axis of the plate* The plate sat 
designed so that it aaa long enough to initiate transition 
from laminar to turbulent floa in the boundary layer. 

During one set of runs. Table I and Fig* 3, when the screen 
of plano-alrea aaa left upstream of the model, the pcvar 
supply developed a burn- thro ugh in the co-axlal high 
tension leads which dropped the voltage at the needle 
points to a value a ereat no Ionisation aaa attained. T v o«e 
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runs provided the only bouncer? La /er profile* «: lo v closely 
reaemoled laminar layer profiles, aee Pig* 7. To eaae the 
operation of adjusting the needle points to the ♦eight above 
the flat plate after they had run for aone tisse and lost 
some of the metal at the points, the screen of piano wires 
«ae removed far the next set of rune. Table II and Pig. 9* 
The same procedure was followed aa for the runs of Table 
I but the resulting boundary layer velocity profiles were 
vary eloae to thoaa for turbulent flow even up near the 
Plata's leading edge* 

uo never the main faet evidenced by all of the teat 
data was that the boundary layer with ionization occurring 
in the region of the leading edge of the flat plate, was 
improved over that without ionization* By Improved it was 
meant that at constant x and y ordinates in the boundary 
layer the velocity for the ionization layer mare nearly 
aqua lad the ideal of the free stream velocity and also that 
the boundary layer thickness was seemingly lowered in 
comparison to tho un** ionized layer, see Pig* 3 and Pig* 9* 
Proa the values of the bouudary layer prof ilea obtained 
at various stations along the plate* different x'e, and 
for substantially the same free stream velocities of 0, 
the displacement of the prof ilea for the ionized and un- 
ionized cases indicated that the ionization effect was 
occurring upstream in the ref ion of the needle points and 
the corona discharge* This waa in accordance with the 
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state iu«ts weoe in the section ketheds-theory that the 
free lone in the airatreea downstream of the corona dis- 
charge region Mould lose their charges by quickly neutral- 
ising elth electrons captured iron the bekellte ms lie of 
the model. 

Therefore, attention was now confined to the 
region of the corona or glow discharge at the four needle 
points. The only mean* present during the teste for 
determining the fact that a glow discharge vaa occurring 
and for avaiuatlng ita intensity ess by visually checking 
the glow in the dark. The effect of the discharge eae 
shown in the photograph. Fig. 10 , which was typical of the 
uegatLve point to plane corona described in Kef. 8, page 
515 . The glow at tha surface of the teat plate helow each 
needle point wea probably secondary emission. Kore know- 
ledge concerning the nature of the corona discharge could 
have been obtained had there been e voltmeter and ammeter 
in the high voltage aide of the power supply. The only 
possible check on the fact that the gloe was at or very 
near its oayiaum value was to sat the input voltage by 
neaos of the variac to a value Just below the point whereat 
erc-over occurred at the points. The reason for not 
operating the point to plane discharge in the arc-over 
region rata that the amount of free positive ions waa re- 
euced, see nef . 7, page 511. In fact the velocity at a 
point In tha bouacary layer was noted to increase when the 



corona discharge ass prtio^ii over that without toe dla- 
charge, but ea toon as an are-over oecurxed the velocity 
dropped. 

Owe fact which must bo coualdered aaa that the 
air in the corona discharge region waa being heated by 
the interaction between the pertlolea. Prom previous 
experiments, see Kef. 7, pages 291 and 515 and Ref. 3, page 
607, the temperatures at tbs needle point and the plate 
were in the neighborhood of 5,800° F. This in turn meant 
that the boundary profile undergoing Ion lea t ion waa at a 
higher temperature than the one for no ionization. Inspect- 
ion of equations (4), (5), (t>), (7), and (8) implied that 
the boundary layer undergoing ionization should have bean 
thicker and that the velocities lower at corresponding x and 
y distances compared to the layer with no Ionization, (for 
further information on the effect of temperature upon bound- 
ary layers see nef • 12 and Kef • 15 J. If temperature had 
been the only effect on the boundary layer with and without 
ionization, then the ionization boundary layer velocity 
profiles at the teat point# of Fig. 8 and Fig. 9 should 
have boon thicker acd contain lower velocities than those 
for the no ionization profiles* hlnce the latter waa not 
the case, the only answer waa that the ionization brought 
about a sufficiently large enough change In the boundary 
layer prof ilea to offset the temperature effect. 

Unfortunately no accurate chock could heve been 



•* co upon th« temperature gradients In the boundary-layer, 
due to the fact that any thermocouple brought Into the 
boundary layer oloae to the plate tt 15,000 volt* mould 
have caused an aro-over to oocur between the plate and the 
thermocouple to ma^e any readings impossible. 

According to the find inf s in Kef. 1, the ionization 
of the boundary layer oavioualy had no effect beyond <,6 ft./ 
•ec. Teet reaulta pretested ee Table III and Fig. 1 were 
used aa a ©bee* aince it ate eaaier to assume that the 
turbulent boundary layer prof ilea obeyed equation ( 6 J rather 
then try to f it e curse to the laminar boundary layer pro- 
fllea of Pig. 8 which did not oloaely approximate equation 
(4), see Fig. 7. The reaulta of u/U veraua r c were plotted 
on Fig. ii for both the ionised end un-ionizad boundary 
layer prof ilea measured at x • 8 in. From equation (0) for 
the same values of x and y, the thicknese of the ionized 
boundary layer, 03 ., cat related to the ud- ionized thickness, 
5, byt- 
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The above equation implied that the ratio of (u/U)/{u/0)^ 
should have been constant for the ionized and un-lonieed 
layers at equal values of y and U. This condition could 
not be mat by the values of Table III because the amount of 
ionization occurring' at each eat of (u/C) and (u/U)j tskan 
at the same y was not exactly the same. The influence of 
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leakage tirougn the co-»xlal oablea carrying tne high 
voltage to the me del grew worse during each aeries o f runs 
thereby reducing the amount of Ionization during the course 
of a run. Also from the curves of Fig .11 It was evident 
that all the values of u/0, (u/0)| and q did not lie 
asset lv on the theoretical curve. To raake a rough 
approximation of the effect of speed changes upon the re* 
suits due to ionization the following ess done. 

For constant U and at each value of y the ratio 
of (u/U)/(u/U)£ waa ccmputad. The aevtnth-power of each 
ass taken to give the correspond log dj/6. The results 
•ere averaged to give:- For 0 « 46.1 ft. /sec. &i/^ • 0.860 

U * 61.5 ft. /sec. $i/6 » 0. 925 
U • 76.5 ft./aac. & t /6 * 0.947 
dlnco the effect upon the boundary layer due to lonizstton 
occurred in the region of the corona discharge, the decrease 
In the boundary layer thickness due to ionisation could be 
likened to a decrease In the length of the flat plate from 
x to xj,. This sis determined from:- 
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1/5 4/5 

*i 



(hef . 5, page 147 
equation (£3.4) ) 



whence*- oi/o * (* i/x)^ 5 
The above assumed that the ionized and un-ioniaed boundary 
layers uoanetreaa of the corona had the aarne values of Ji and 
0 and fcince x “ 8 in., then;- 

for U * 46.1 ft./aec. x* = t>.54 in., x ■ 1.46 in. 
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* U’ •& It>»/ sco • x ^ • 7» Zt> Id . i ^ x * Q< o& lo • 

U * 70.5 ft./«ec. xt s 7.49 ln.,^x • 0.51 In. 

■here:- -a.* • * - *t 

From the above value a of ^x it may be concluded 
that the effect due to Ionization decreased with Increase 
In airspeed 0. however, due to the above mentioned in- 
consistency In the amount of Ionisation which occurred 
during each reading giving (u/OJi and that the accuracy of 
the taeaauring manometer at the higher speeds (which meant 
higher slant angles for the manometer lag) was not within 
the accuracy needed to calculate the values of u In the 
third place, the preceding statement wsa very questionable, 
(the accuracy of u/u and (u/OJi to the third placa was vary 
effective when the seventh root was taken to obtain 6i/6») 
Tha values ef did provide definite evidence that the 
changoa in tha boundary layars caused by ionisation waa 
confined approximately to the region bounded by the corona 
or glow discharge. 

COSC-.UbXQj.b AHX> tCC&^niLATICfcb 

Ionisation of a region of an alratresta moving 
over a flat plata decreased the thicknesses of the boundary 
layers and increased the velocity profiles In the region 
where Ionisation was occurring c os pared to those without 
Ionisation. The aoove was noted whether the boundary layer 
was laminar or turbulent. Although the alterations of tha 
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bouauwry layer ear# present lo the region of the corona 
discharge, they were transferred to the doanatrean portions 
of the boundary layer share the airatreaa saa no longer 
ionized. Thai a any decree ca in boundary layer thickness and 
accompanying increase In velocity profile upstream in the 
ionization region resulted in decreases in boundary layer 
thickneaaea and increases in velocity profiles st points 
along the piste downstream of the ionization region* Hence, 
the treneition point from laminar to turbulent floe with 
Ionization of the airetrea® present upstream, was moved 
downstream from ita position when there was no ionization 
of the upstream portion of the alratream. 

From the above conclusions and the feet that the 
experimental results did not completely e newer all of the 
problems presented by ionizing the boundary layer, other 
points worthy of further Investigation ere mentioned below* 

One aspect ie the improvement of the Ionization 
process* a* mentioned, before, the alrstresms of this In- 
vestigation had not been ionized as completely as they 
coulu have been* This entails the use of higher voltares 
and different configuration* instead of the needle points 
end plate arrangement, to provide optimum ionization. The 
device used by C. u. • bhaar in his tests, nef . 2, not only 
ionized the air in the boundary layer but also was capable 
of adding velocity to the boundary layer to increase the 
velocity profiles* The added velocity see in the form of 
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•a "electric « lua" . Also in net . a the foot that a 
radiating substance plated to the surface ot the boundary 
In an airatrea* aould act aa a aource of Lone, eaa proposea 
at a practical solution to the application of the prlnclplea 
to alroraft and missiles. this latter method la particular- 
ly inviting from the point that the ionising source aould 
not heat the airatrean aa markedly aa an electrical dis- 
charge mechanism. thus the deleterious high temperature 
effects imposed upon the boundary layer in the corona dis- 
charge, suffered in this experiment, aould be absent. 

boundary layers in air at loaer than atmospheric 
pressure* should be investigated since at loaer pressures 
there are feser particles of the air to ionise tlua making 
It more likely to attain a larger amount of positive lone, 
and the charged particles of the air retain their charges 
for longer distances asay from the field producing the 
ionizat ton. 

To definitely prove ahether the effect of Ion- 
ization ef the air upon the boundary layer la duo to the 
velocity of the alratreem being equal to a finite quantity 
other than zero at the surface of the boundary, a means of 
measuring the velocities of the boundary layer at the sur- 
face of the boundary must be used. In this Investigation, 



the thicknesses of the gissa impact tubes prevented any 
.«S8urem«nts of the boundary layer velocity profiles any 
closer to the surface of the boundary than 0.017 In. cue to 



•»« »J **«»* •** *• 

. .. ««,• -«W^I 4«*> .«** — 0»UU4 ft 




£3 



tne Introduction o£ capillarity La the Lfipsot tube if the 
tube-opeu Ing was Similar, the thickness of the glass nils 
of the Impact tubs, and the Interference in the alratreaa 
between the tube and the solid boundary a hen the tube eee 
too close to the boundary. 

Ihe effect of speed changes upon the Influence 
of Ionization la the boundary layer should be examined. 
However, since the bo an car y layer normally starts out at 
zero velocity at the sail and ultimately reaches free 
atreaa velocity, Ionisation effects should still be 
predominant In the low velocity portions If high speeds 
adversely effects the phenomenon. 

Ionisation of air le also dependent upon the 
amount of dust and water-vapor entrained In the air. Also 
high intensity ionisation of air cauaea It to dissociate 
end form other chemical substances such as ozone. The 
preceding phenomenon way very markedly Influence the re- 
sults brought about by Ionizing the boundary layer, and 
those could be Investigated. 
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7.1rd aoreen of piano-vires in plsco uostreaa of oodel during 
the above tests. 

Ionisation bataeen brass plat© (flat test plot © ) end 4 - 
needl© points. 

V * Voltage into los side of poser supply for Ionisation. 

* * distance along flat plate axis measured fro® leading 
edge of plat©. 

y » Distance froa flat plate into boundary layer. 

0 * Free stream velocity 
0 « 64.3 ft ./see. for x * 2 in. 

0 a 62.6 ft./aeo. for x * 4 in. 

0 * 62.3 ft./eec. for x • 6 in. 

U 2 51.7 ft./aeo. for x * 8 in. 

u * Velocity In the boundary layer et y. 
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air* screen of plane vires net in pUct upstream of model 
during the above testa. 

Ionization betveen brass plate (flat teat platej and 4 - 
needle points. 

V * Voltage into low aide of pover supply for ionisation. 

* ■ Distance along flat plate axis measured front leading 
edge of plate. 

y = Distance froa flat plate Into boundary layer. 

u • Free stream velocity 
c = 49.0 ft./seo. for x ■ 4 in. 

0 s 4b. I ft./aec. for x * 8 In. 

0 » 45.0 ft./aec. for x »12 in. 

0 « 43.0 ft./aec. for x * 17.5 in. 

u • Velocity in the boundary layer at y . 
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